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(S) Birefringence distribution measuring method. 

(57) A sample (1) is placed between a circular 
polarizer (9) and an analyzer (5) in an optical 
path between a monochromatic light source (2) 
and a two-dimensional optical receiver (8). Par- 
allel beams emitted from the monochromatic 
light source are converted into circularly 
polarized light by the circular polarizer (9). After 
transmitting it through the sample (1), the light 
is guided to the analyzer (5). While rotating the 
analyzer about the axis of the beams, image 
data are detected by optical receiver at a step of 
a regular rotation angle, and the detected image 
data are sampled to be sent to an image proces- 
sing device (11) in the next stage. On the basis 
of the image data, an operation is conducted on 
each pixel to obtain a relative phase difference 
due to birefringence of the sample, the two- 
dimensional birefringence distribution includ- 
ing the sign of the relative phase difference, and 
also the principal axis direction. 
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BACKGROUND OF THE INVENTION 

The invention relates to a birefringence distribu- 
tion measuring method, and, more particularly, it 
concerns such a method which obtains quantitatively 5 
and two-dimensionally a birefringence distribution in- 
duced when thermal or mechanical stress is pro- 
duced in a laser medium of a solid state laser repre- 
sented by a YAG laser, for example. 

A solid state laser, such as a YAG laser, begins 10 
laser oscillation when energy from an excitation light 
source, such as a lamp, is applied to a laser medium. 
A part of the lamp light is converted into heat and ac- 
cumulated in the laser medium so that a temperature 
gradient or distortion is produced inside the laser me- 1 5 
dium. As is well known, this causes the laser medium 
to have optical anisotropy, thereby allowing birefrin- 
gence to appear. 

More particularly, when a temperature gradient 
is produced inside the laser medium, the difference 20 
in thermal expansion between the surface and the 
center of the medium makes the medium distort, thus 
generating internal stresses. Similarly, mechanical 
stresses resulting from mounting the laser medium 
causes internal stresses in the laser medium. The re- 25 
fractive index of a medium for light depends on 
stress. As a result, a distribution of refractive indices 
is produced inside the medium (photoelastic effect). 

Also, the refractive index changes in accordance 
with the polarization direction of light. The refractive 30 
index in the direction of the principal axis is different 
from that of a direction perpendicular to the principal 
axis, so that when linearly polarized light enters a bi- 
refringent substance at an angle to the principal axis 
of stress produced in the substance, the phase veloc- 35 
ities in the two directions are differentiated from each 
other. The resulting phase difference produces ellipt- 
ically polarized light. Further, two light beams of dif- 
ferent vibration directions progress in different veloc- 
ities (birefringence) through the birefringent sub- 40 
stance. Of the two polarized waves due to birefrin- 
gence, one wave having one plane of vibration pro- 
gresses more rapidly, and the other wave progresses 
slowly. The two waves are called "fast wave" and 
"slow wave", respectively. 45 

In a solid state laser, a laser beam is amplified 
when it is reflected back and forth between two mir- 
rors. When birefringence due to the thermal or mech- 
anical stress has occurred inside the laser medium, 
therefore, the relative phase difference between the so 
two refracted beams causes the wave front to be dis- 
turbed, thereby presenting an obstacle to effective 
laser operation in cases where a laser beam emitted 
from a laser is output as linearly polarized light and 
then amplified for use. 55 

From the standpoint of promoting the study of bi- 
refringence compensation to obtain a laser beam 
having a small wave front distortion, therefore, there 



is a need for an improved method for measuring, two- 
dimensionally, a birefringence distribution which ob- 
tains quantitatively and with high sensitivity birefrin- 
gence induced in a laser medium of a solid state laser. 

Typically, known methods for quantitatively 
measuring a two-dimensional distribution of birefrin- 
gence using a conoscope. Figs. 3 and 4 show in block 
diagram from systems representing the principle of 
the known measuring method. In these figures, 1 
designates a sample having a birefringence effect 
(e.g., a crystal plate or glass plate which is to be used 
as a laser medium of a solid state laser), 2 designates 
a monochromatic light source (e.g., He-Ne laser), 3 
designates an optical receiver for guiding a received 
image to a screen, 4 designates a polarizer, 5 desig- 
nates an analyzer, and 6 and 7 designate quarter-wa- 
ve plates. 

In Fig. 3, the sample 1 is placed between a circu- 
lar polarizer (a combination of the polarizer 4 and the 
quarter-wave plate 6) and a circular analyzer (which 
is a combination of the quarter-wave plate 7 and the 
analyzer 5 and which is arranged to establish crossed 
Nicols with respect to the circular polarizer), and ar- 
ranged in the optical path between the light source 2 
and the optical receiver 3. In the configuration, mono- 
chromatic parallel beams emitted from the light 
source 2 are converted into circularly polarized light 
by the circular polarizer and then projected onto sam- 
ple 1 . The light beams which have undergone birefrin- 
gence inside the sample 1 pass through the circular 
analyzer to be detected by the optical receiver 3. 
When the light intensity after passing through the po- 
larizer 4 is l 0 , the light intensity detected by the optical 
receiver 3 is indicated by I, the angle of the axis at a 
point in the sample 1 which is formed by the vibration 
direction of the fast wave passing through the sample 
and the principal plane of the analyzer 5 is indicated 
by <(>, and the relative phase difference between the 
two beams due to birefringence is indicated by S, as 
is well known, the intensity distribution changes in 
proportion to the equation: 

I = loSin2(8/2) (1) 

In the configuration of Fig. 4 which is the same 
as that of Fig. 3 except that the quarter-wave plates 
6 and 7 are omitted, the intensity distribution changes 
in proportion to the equation: 

I = l 0 sin 2 (2<(>) x sin 2 (8/2) (2) 
In the configuration of Fig. 4, therefore, the intensity 
distribution of the intensity of the beams passing 
through the sample 1 and detected by the optical re- 
ceiver 3 is measured. The direction in which the inten- 
sity is zero (l=0) indicates the direction of the principal 
axis (angle From the intensity to this direction, the 
relative phase difference 8 can be calculated in ac- 
cordance with Eg. (2). In the configuration of Fig. 3, 
the information relating to the direction principal axis 
is lost, and therefore only the relative phase differ- 
ence 6 is obtained. 
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As seen from Eqs. (1) and (2) above, according 
to the birefringence distribution measuring method 
using a conoscope, it is possible to obtain the abso- 
lute value of the relative phase difference 6 between 
two refracted beams due to birefringence, and also s 
the two-dimensional distribution of birefringence, but 
it is impossible to determine the sign of the relative 
phase difference 5. Further, in Eqs. (1) and (2) above, 
the relative phase difference 6 is presented in the 
term of a second degree, sin 2 (5/2). Therefore, when 10 
the relative phase difference 5 is very small, for ex- 
ample, less than rc/4 radians, the term of sin 2 (5/2) is 
approximated to be S 2 /4, resulting in impaired meas- 
urement sensitivity. 

As described above, the prior art measuring 15 
method cannot judge the sign of the relative phase 
difference 5. In the state of the art, a simple method 
of two-dimensionally measuring a birefringence dis- 
tribution which can obtain both the sign of the relative 
phase difference and the principal axis direction has 20 
not yet been put to practical use. 

SUMMARY OF THE INVENTION 

The invention has been made in view of the 25 
above, and has an objective of providing a novel bi- 
refringence distribution measuring method which can 
measure quantitatively and with high sensitivity a 
two-dimensional distribution of birefringence in- 
duced in a sample, including the sign of the relative 30 
phase difference, and obtain the principal axis direc- 
tion. 

Additional objects and advantages of the inven- 
tion will be set forth in part in the description which 
follows and in part will be obvious from the descrip- 35 
tion, or may be learned by practice of the invention. 
The objects and advantages of the invention may be 
realized and attained by means of the instrumentali- 
ties and combinations particularly pointed out in the 
appended claims. 40 

In order to accomplish the objectives, according 
to the birefringence distribution measuring method of 
the invention, the sample is placed between a circular 
polarizer and an analyzer which are in an optical path 
between a monochromatic light source and a two-di- 45 
mensional optical receiver; parallel beams emitted 
from the monochromatic light source are converted 
into circularly polarized light by the circular polarizer; 
and the circularly polarized light is passed through 
the sample and then to the analyzer. The image data so 
are detected by the optical receiver while rotating the 
analyzer about an axis of the beams, at a step of a 
fixed rotation angle; the detected image data are 
sampled and the sampled data are sent to an image 
processing device. The sampled image data are then 55 
processed in the unit of a pixel to obtain a relative 
phase difference due to birefringence of the sample, 
a two-dimensional birefringence distribution includ- 



ing the sign of the relative phase difference, and the 
direction of the principal axis. 

When a birefringence distribution of a sample is 
measured in the above-mentioned arrangement of 
optical devices or the laser medium is distorted by, for 
example, irradiating with light (corresponding to the 
excitation lamp light for a laser) so that the laser me- 
dium has optical anisotropy, the intensity, I, of light 
which has passed through the circular polarizer, the 
sample, and the circular analyzer is given by the fol- 
lowing equation: 

I = (Iq/2) x (1 ±sin2$ x sinS) (3) 
where l 0 , <t> and 5 are the same as those used in above 
equations (1) and (2). In the equation, the symbol ± 
indicates the rotation direction of circularly polarized 
light (right-handed direction or left-handed direction). 
In the case where right-handed circularly polarized 
light is employed, Eq. (3) above is written as: 
I = (Iq/2) x (1 + sin2<|> x sinS) (4) 

When the principal axis direction is inclined in a 
counterclockwise direction at an angle 9 to the prin- 
cipal plane of the analyzer, the Eq. (4) is written as: 
I = (lo/2) x [1 ± sin2(<fr - 8) x sinS] (5) 

As seen from Eq. (5), in the state where birefrin- 
gence has not occurred in the sample, I is equal to 
Iq/2. In contrast, when a birefringence distribution is 
to be measured in the state where refraction is in- 
duced by producing thermal or mechanical stresses 
in the sample, parallel beams emitted from the mono- 
chromatic light source are converted into circularly 
polarized light by the circular polarizer and then guid- 
ed through the sample to the analyzer. In this state, 
the analyzer is rotated by from angle of 0 to 180 de- 
grees about the optical axis, and, for example, seven 
sets of image data which are detected by the two-di- 
mensional optical receiver at a step of 30 degrees are 
sampled. The sampled image data are sent to an im- 
age processing device in the next stage and stored 
therein. On the basis of the image data, the image 
processing device conducts the operation described 
below on each of the pixels. First, t he curve of sin2(4>- 
9) is fitted to each of the pixels of the image data, and, 
at the position where sin2(<t>-8)=1, the vibration direc- 
tion (principal axis direction) of the fast wave among 
the two polarized waves due to birefringence is ob- 
tained. Under the conditions at this time, the relative 
phase difference 5 between the fast wave and the 
slow wave is calculated from sin5 in the above equa- 
tion, together with the judgment of the sign of the rel- 
ative phase difference 5. Then, the image processing 
device conducts these processes on each of the pix- 
els of the image data, whereby both the two-dimen- 
sional distribution of birefringence in the sample and 
the principal axis direction can be measured simulta- 
neously. 

As seen from Equations (3) to (5) above, the rel- 
ative phase difference 5 is presented in a term of the 
first power, sin5. Therefore, when the relative phase 
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difference 8 is very small or less than n/4 radians the 
term of sinS is approximated to 8, resulting in that 
even a minute of relative phase difference 6 can be 
measured with high sensitivity. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorpo- 
rated in and constitute a part of this specification il- 
lustrate an exemplary embodiment of the invention 
and, together with the description, serve to explain 
the objects, advantages and principles of the inven- 
tion. In the drawings, 

Fig. 1 is a diagram showing the configuration of 
a two-dimensional birefringence measuring de- 
vice according to an embodiment of the inven- 
tion; 

Fig. 2 is a view showing, in the form of a graph a 
simulation of an example of measuring, a birefrin- 
gence distribution in accordance with the device 
of Fig. 1; 

Fig. 3 is a diagram showing the configuration of 
a prior art birefringence measuring device; and 
Fig. 4 is a diagram showing the configuration of 
another prior art birefringence measuring device. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Hereinafter, an embodiment of the invention will 
be described with reference to Fig. 1 . In the figure, 
components corresponding to those of Figs. 3 and 4 
are designated by the same reference numerals. 

In the configuration of Fig. 1, a sample 1 having 
a birefringence effect is placed between a circular po- 
larizer 9 which is a combination of a polarizer 4 and 
a quarter-wave plate 6, and an analyzer 5 in an optical 
path between a monochromatic light source 2 (e.g., 
He-Ne laser (wavelength: 632.8 nm)) and a two-di- 
mensional optical receiver 8 (e.g., an image pickup 
device such as a charge coupled device (CCD) cam- 
era). The analyzer 5 is provided with a driving mech- 
anism 10 for rotating the analyzer about the optical 
axis. The two-dimensional optical receiver 8 is con- 
nected to an image processing device (computer) 11 . 

In this configuration, the principal axis of the 
quarter-wave plate 6 is previously selected, and the 
rotation direction of circularly polarized light is set to 
be either the right-handed direction or left-handed di- 
rection. During the measurement, monochromatic 
parallel beams emitted from the light source 2 are 
converted into circularly polarized light by the circular 
polarizer 9. After passing through the sample 1, in 
which birefringence is induced, and the analyzer 5, 
the light is detected by the two-dimensional optical 
receiver 8. In the embodiment, the driving mecha- 
nism 10 operates so as to rotate the analyzer 5 from 
an angle of 0 to 180 degrees about the optical axis. 



In synchronization with the rotation angle, the two-di- 
mensional optical receiver 8 outputs seven sets of 
image data at a regular angle step of, for example, 30 
degrees, and the image data are stored in the image 

5 processing device 11. Then, according to Equations 
(3) to (5) above, the image processing device 11 con- 
ducts predetermined operations on each of the pixels 
of the stored image data, to calculate the relative 
phase difference 8 at each point of sample 1 in which 

10 birefringence is induced, the sign of the relative 
phase difference, and the principal axis direction, 
thereby quantitatively obtaining the two-dimensional 
distribution of birefringence. 

Fig. 2 shows, in the form of a graph, a simulation 

15 of a measurement example according to the above- 
described measuring method. In this example, on the 
assumption that the relative phase difference 5 is 
+nJ2, the principal axis direction e and the relative 
phase difference 8 are calculated according to Eq. (5) 

20 from imaged data obtained in a measurement In the 
figure, the solid line indicates the case of 9=0 degrees 
and the broken line the case of 9=45 degrees. The 
points at which an image obtained by further rotating 
the analyzer 5 by 30 degrees about the optical axis 

25 is input to the image processing device 1 1 are indicat- 
ed on the curves by open circles, respectively. 

The computer of the image processing de- 
vice 11 conducts the curve-fitting so that 
(lo/2)[1+sin2(<|>-9)xsinS] is fitted to each of the open 

30 circles, thereby obtaining the curve indicated by the 
solid line (or the broken line). At the points on the solid 
line (or broken line) curve where [1 +sin2(<|>-0)xsin8J/2 
is 1, sin8 is +1. From this, it is known that 8 is equal 
to +7i/2. As a result of the curve-fitting, the principal 

35 axis direction is found to be 0 or 45 degrees. This op- 
eration is executed on each of the pixels of the image 
data, so that the two-dimensional distribution of bire- 
fringence is obtained. 

As described above, according to the birefrin- 

40 gence distribution measuring method of the present 
invention, a two-dimensional distribution due to bire- 
fringence, including the sign of the relative phase dif- 
ference, and also the principal axis direction can be 
measured quantitatively and with high sensitivity 

45 from a sample such as a solid state laser material in 
which birefringence is induced by thermal or mechan- 
ical stress. 

The foregoing description of preferred embodi- 
ments of the invention has been presented for pur- 

50 poses of illustration and description. It is not intended 
to be exhaustive or to limit the invention to the precise 
form disclosed, and modifications and variations are 
possible in light of the above teachings or may be ac- 
quired from practice of the invention. The embodi- 

55 ment was chosen and described in order to explain 
the principles of the invention and its practical appli- 
cation to enable one skilled In the art to utilize the in- 
vention in various embodiments and with various 
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modifications as are suited to the particular use con- 
templated. It is intended that the scope of the inven- 
tion be defined by the claims appended hereto, and 
their equivalents. 

5 

Claims 

1. A birefringence distribution measuring method of 

two-dimensionally measuring a birefringence 10 
distribution induced in a sample, comprising the 
steps of: 

placing said sample between a circular po- 
larizer and an analyzer in an optical path be- 
tween a monochromatic light source and a two- is 
dimensional optical receiver; 

converting a plurality of parallel beams 
emitted from said monochromatic light source 
into circularly polarized light by said circular po- 
larizer; 20 

transmitting said circularly polarized light 
through said sample to said analyzer; 

detecting image data by said two-dimen- 
sional optical receiver while rotating said analyz- 
er about an axis of the plurality of beams, at a 25 
step of a fixed rotation angle; 

sampling said detected image data and 
sending the sampled data to an image process- 
ing device; and 

processing the sampled image data to ob- 30 
tain a relative phase difference due to birefrin- 
gence of said sample, a two-dimensional birefrin- 
gence distribution including the sign of said rela- 
tive phase difference, and the direction of the 
principal axis. 35 
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FIG 3 
PRIOR ART 
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